Intermetallic compounds containing f -electron elements have been prototypical materials for investigating strong electron correlations and quantum criticality (QC). Their heavy fermion ground state evoked by the magnetic f -electrons is susceptible to the onset of quantum phases, such as magnetism or superconductivity, due to the enhanced effective mass (m * ) and a corresponding decrease of the Fermi temperature. However, the presence of f -electron valence fluctuations to a non-magnetic state is regarded an anathema to QC, as it usually generates a paramagnetic Fermi-liquid state with quasiparticles of moderate m * .
Intermetallic compounds containing f -electron elements have been prototypical materials for investigating strong electron correlations and quantum criticality (QC). Their heavy fermion ground state evoked by the magnetic f -electrons is susceptible to the onset of quantum phases, such as magnetism or superconductivity, due to the enhanced effective mass (m * ) and a corresponding decrease of the Fermi temperature. However, the presence of f -electron valence fluctuations to a non-magnetic state is regarded an anathema to QC, as it usually generates a paramagnetic Fermi-liquid state with quasiparticles of moderate m * .
Such systems are typically isotropic, with a characteristic energy scale T 0 of the order of hundreds of kelvins that require large magnetic fields or pressures to promote a valence or magnetic instability. Here we show that the intermediate valence compound α-YbAlB 4 surprisingly exhibits both quantum critical behaviour and a Lifshitz transition under low magnetic field, which is attributed to the anisotropy of the hybridization between the conduction and localized felectrons. These findings suggest a new route to bypass the large valence energy scale in developing the QC.
I. INTRODUCTION
A quantum critical point (QCP) occurs when the ground state of a system is continuously tuned between two states 1,2 . The strong incipient quantum fluctuations modify the system's electronic state over large regions of its phase diagram. This has led to the notion that understanding quantum criticality (QC) is the key to understanding emergent phases in materials such as spin liquids and the high temperature superconductors.
Heavy fermion (HF) materials, often f -electron based intermetallics containing Ce or Yb, have been prototypical for the investigation of QC [1] [2] [3] [4] : the enhanced entropy of the Fermi sea makes them susceptible to low temperature instabilities such as magnetism and superconductivity. The energy differences between these possible ground states are small, and therefore can typically be tuned by applying small magnetic fields or pressures. 
II. SUMMARY OF MAIN RESULTS
We use a complete set of thermodynamic, magnetotransport and microscopic experimental techniques to probe the electronic anisotropy as α-YbAlB 4 is driven toward two electronic instabilities with a magnetic field that is small compared to T 0 ≈ 200 K. Most prominently, we find that the sign of the thermal expansion, which directly probes the pressure dependence of the entropy 11 , changes at B c = 3.6 T due to a change in the nature of the relevant fluctuation scale from magnetic correlations at lower fields, to the Kondo or valence correlations at higher fields; a signature of the proximity to a QCP. At a slightly lower field B c = 2.1 T, the Shubnikov-de Haas measurements show the appearance of a new, strikingly anisotropic Fermi surface (FS), indicating a Lifshitz transition. We refer to these fields as B 1 = 2.1 T and B 2 = 3.6 T in what follows. At both of these fields nuclear magnetic resonance (NMR) measurements find a diverging spin lattice relaxation rate 1/T 1 of 11 B nuclei down to 50 mK. The magnetostriction, i.e. the rate of change of the lattice constant with magnetic field, is highly anisotropic: for the c-axis the magnetostriction is maximum at B 2 , while for the a-axis it is maximum at B 1 . The resistivity shows non-FL (NFL) behaviour at B 1 and B 2 but only for current applied parallel to the c-axis. The striking two dimensionality (2D)
of the FS that appears at B 1 is consistent with it being a remnant of the Lifshitz transition proposed to drive criticality in β-YbAlB 4 12 , while the change in energy scales at B 2 indicates the proximity to a QCP. We provide a tentative theoretical explanation for this anisotropy in terms of the momentum-dependent nature of the Kondo hybridization, and resolve the mismatch between the large intermediate valence energy scale and the much smaller energy associated with fields B 1 and B 2 .
By combining these complementary experimental techniques together with theoretical arguments we establish a complete picture of the system and find that the hybridization anisotropy provides a means to overcome the large valence energy scale in the YbAlB 4 system.
III. RESULTS
We first describe the magnetic field dependence of the thermal expansion ∆L c /L c , where const. that is typically observed for simple metals at low temperature. Below T * ≈ 8 K and below 1.5 T, where the coherent FL state is formed, (
. This is two orders of magnitude lower than what is typical with dominant magnetic correlations [22] [23] [24] , which shows that the system is not close to magnetism. As the magnetic field approaches B 2 , we surprisingly find a pronounced divergence (T 1 T ) −1 ∝ T −δ at low temperatures with exponent δ = 0.36. This power-law behaviour persists down to 50 mK, two orders of magnitude lower than T * , and reveals the presence of quantum critical fluctuations that destabilize the FL and lead to a NFL ground state. The exponent δ = 0.36 < 1 show that this is not a magnetic QCP -it is too low for the divergence to appear in 1/T 1 alone, which would be usual for a magnetic QCP. Also, across B 2 the NMR spectrum remains unchanged (Supplementary Fig. 1 ) which would split if magnetic or charge order appeared at B 2 , due to symmetry breaking.
We have also analysed the Knight shift behaviour K = b z /B, where b z is the hyperfine magnetic field at the nucleus site. While (T 1 T ) −1 is sensitive to spin excitations at q ≥ 0, the Knight shift is related to the static spin susceptibility χ(ω = 0, q ≈ 0), and in a FL it is expected to be constant against temperature and magnetic field. As seen in Fig. 1d, for B <B 2 the c-axis Knight shifts of 11 B ( 11 K c ) and 27 Al ( To summarize, from the presented data we can deduce that at B 2 the underlying ground state is NFL, no magnetism emerges, the critical spin fluctuations originate at q = 0 and there is a change in the static charge density distribution.
So far, we have focused on the QC at B 2 ≈ 3.6 T visible in thermodynamic and NMR measurements. In addition, the NMR measurements show the existence of another unusual behaviour that suddenly appears at a lower field B 1 ≈ 2.1 T. Indeed, the magnetic field dependence of the NMR relaxation rate (T 1 T ) −1 at 142 mK shows two pronounced peaks (Fig. 2a) at B 1 and B 2 . The temperature dependence reveals another NFL power-law Further indications about the nature of the transition at B 1 are given by the magnetostriction coefficient λ measured along both the a-axis (λ a ) and c-axis (λ c ) but with magnetic field B c, shown in Fig. 2d . λ, which is sensitive to structural, magnetic and electronic structure transitions, here shows a strong anisotropy: λ c (B) shows a maximum at B 2 as expected from α c , while λ a (B) shows a maximum at the smaller field B 1 implying that it is related to a 2D effect within the ab-plane.
Anisotropy in the critical behaviour of α-YbAlB 4 is also evidenced by resistivity measurements along the a and c axes, ρ a and ρ c , respectively. Low temperature NFL behaviour due to QC is quantified by observing the exponent n i and the coefficient
shows an enhancement (Fig. 2c) by ≈ 50% at B 1 and B 2 before decreasing at higher fields, and the exponent n c shows deviations (Fig. 2c) shows n = 3/2 at its critical point consistent with the AFM QCP. Importantly, the NFL behaviour in α-YbAlB 4 occurs only for ρ c , whereas n a remains ≈ 2 for ρ a ( Supplementary   Fig. 5 ). This shows that quantum critical fluctuations do not originate from the suppression of the AFM phase in Fe-doped case, and that they manifest themselves in specific regions of momentum space, which confirms the conclusion derived from anisotropic magnetostriction and the NMR data. Intrinsic electronic anisotropy is therefore an important factor for understanding this system.
We now consider the changes in the electronic structure in the vicinity of B 1 and B 2 , by measuring quantum oscillations (QO). Using a g factor of 2.3 obtained by electron spin resonance 26 and the determined value of m * , we would expect a strong angular dependence of the amplitude and a spin zero at θ = 60
• (see Supplementary Note 3 for details). However, no spin zeros are found, suggesting that this pocket is spin polarized, consistent with a Zeeman-driven Lifshitz transition at B 1 . If this pocket is fully spin polarized and taking 27 J z = 5/2, the magnetic moment of this pocket is 0.002µ B , which is consistent with the extremely small polarization increase observed in M in Fig. 1c ).
The 2D nature of the FS, the strong divergence in (T 1 T ) −1 at the 11 B site and the pro- is detuned from zero field by a non-zero value of the renormalized chemical potential * From all the data shown above we can conclude that anisotropy, along with magnetic frustration, offer a new route of overcoming the high energy scale of IV compounds resulting in quantum criticality and new phases of matter.
MATERIALS AND METHODS
Single crystals of α-YbAlB 4 were grown from Al flux. The stoichiometric ratio of Yb:4B was heated in excess Al in an alumina crucible under an Ar atmosphere as described elsewhere 39 . Chemical compositions of single crystals were determined by a inductively coupled plasma -atomic emission spectrometry (ICP-AES, HORIBA JY138KH ULTRACE) at ISSP, and the analysis of both polymorphs are in good agreement with the ideal compositions of YbAlB 4 within the error bars. We analysed diffraction patterns to determine the crystal structure and lattice constant using the Rietveld analysis program PDXL (Rigaku) and found no impurity phase. The thermal expansion and magnetostriction were measured with a high-resolution capacitive CuBe dilatometer in a dilution refrigerator 40 . Specific heat was measured using relaxation calorimetry 41 . Further detail and subtraction of nuclear contributions will be described elsewhere. Magnetization was measured using capacitance Faraday method 42 .
Resistivity and Shubnikov-de Haas measurements were performed using conventional lock-in amplifier techniques. For measurements with I c pristine crystals were used, while for I ⊥ c and for Hall effect measurements larger crystals were polished to form thin plates perpendicular to the c-axis. Low temperature deviations from Fermi liquid (FL) behaviour due to quantum critical fluctuations are quantified by expressing ρ i = ρ 0,i + A i T n i .
Taking n = 2 we extracted A i (T ) ∝ m 2 i . Similarly, we extracted the temperature exponent by assuming A is constant in T as n c = d ln δρ c /d ln T .
For quantum oscillations the small number of oscillation periods made the extraction of the oscillatory component of the resistance challenging; we applied two methods that gave consistent results. We assume that ρ = ρ MR + ρ osc where ρ MR is assumed to be slowly varying. In the first method we apply a low pass filter in 1/B that subtracts a locally quadratic polynomial, this is described in detail elsewhere 43 . In the second we first subtract a linear component from the entire field range and then take a derivative. A comparison between the Fourier spectrum of these methods is shown in the supporting information (Supplementary Note 3).
The NMR measurements of 11 B were performed using a pulsed spectrometer. The spectra were collected by Hahn echo sequence π/2−τ −π with typical value of τ = 100 µs, and a π/2 pulse of 6 µs. The T 1 measurements were performed using a saturation-recovery technique on a satellite NMR line determined in previous work 44 . Data were fitted to a magnetic relaxation function of the form:
sample was oriented in situ by observing the quadrupolar splitting of 27 Al using a two-axis goniometer for measurement temperatures 1.5 -300 K, and with a single axis goniometer for measurements at lower temperatures. In all cases the magnetic field orientation was within 2
• of the crystal c axis. 
